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Abstract—In this paper we investigate the use of Time Reversal
applied to Impulse Radio Ultra Wide Band (IR-UWB) systems
with multi user interference (MUI). It is known that the MUI
distribution is often not Gaussian in classical IR-UWB. We
show how the Time Reversal technique has an impact on the
distribution of the multi-user interference (MUI) by making it
even less Gaussian. So we show how performance may benefit
from this MUI distribution change.

I. INTRODUCTION

The first studies on Time Reversal technique (TR) were
done in the field of acoustic [4] [2]. It has then been proposed
for radio telecommunication systems and has been applied
to Impulse Radio Ultra Wide Band systems (IR-UWB) in
various works [1] [6] [5]. The basic idea was to exploit the
spatial and temporal focusing properties of Time Reversal
and to benefit also from the switch of complexity from the
receiver to the transmitter. As a matter of fact, the role of a
complex full rake receiver in a traditional system could be
replaced by the combination of the time reversal transmitter
prefilter convolved with the propagation channel. However in
this paper, we investigate another face of Time Reversal: its
impact on the multi user interference (MUI) distribution. We
show that by applying Time Reversal to Impulse Radio Ultra
Wide Band systems we can change the MUI distribution, and
by adapting the reception to this distribution change wa can
increase the performance. The Time Reversal MUI is more
favorable than classical MUL

In section I we will give the signal model used in all the
paper. We will see in section III how the distribution of the
MUI is affected by Time Reversal. It has been already shown
that the Standard Gaussian Approximation (SGA) is often not
valid in calssical IR-UWB [12] [3] [17], we show that the SGA
is even less accurate if we use TR. As the non Gaussianity
of the interference can be turned into an advantage [18], we
will see how we can benefit from the change in the MUI
distribution brought by TR. In section IV we will check and
quantify our claims through simulations.

II. SIGNAL MODEL

The common signal model that we will consider in this
paper is TH-IR UWB (Time Hopping Impulse Radio Ultra
Wide Band) signal using PAM (Pulse Amplitude Modulation)
as well as PPM (Pulse Position Modulation). The classical (no
TR) IR-UWB signal with PAM may be written as:
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SnoTr(t) = \/EZ amw(t —mTs — cpTe) €))

m

In this expression, w(t) is the unit-energy basic pulse
waveform with a time support included in [0,7), Es is the
energy sent per pulse, a,, the information symbol at symbol
interval m, having its values in the set {—1,1}. The so-called
frame time is Ty = N, T, where T is the so-called chip time
interval ([N}, is the frame length in chips). The time hopping
code is represented by the sequence (¢;);cz, the elements of
which belong to {0,..., N, — 1}

The classical (no TR) IR-UWB signal with PPM may be
written as:

am +1
)
(2)
where dppys is the time shift used by the pulse position
modulation.
We consider also a multipath channel h(t):

SnoTR(t) = VEs Y _w(t—mTy — emTe — dppu(
m

L
hi(t) = Z%,i(S(t — Th.i) 3)
=1

with L the total number of paths in the channel, 7; the delay
of the ¢ — th path and ~; its amplitude.

By considering, without loss of generality a PAM signal,
the received signal without TR may be written:

FnorR(t) = E > amh(t)xw(t—mTr—cnTo)+n(t) 4)

m

where A = [ |h(t) * w(t) |? dt is only a normalization factor
in order to let F, represent the energy received per pulse. n(¢)
is the Additive White Gaussian Noise (AWGN).

The idea in Time Reversal is to convolve the pulse with an
inverted version of the channel before to send it. Thanks to this
operation, during the propagation the convolution of the signal
with the channel will have the effect to receive the channel
correlated to itself (thus simulating a correlation receiver). So,
the sent signal in Time Reversal may be written as:
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E, represents the energy sent by pulse, h;,(t) is the
prefilter. In case of perfect Time Reversal (or full TR) h;,, (t) =
h(—t).

In order to reduce the complexity of the transmitter we may
use a partial Time Reversal by reducing the number of path
considered in h;,(t), selecting only the NV, strongest paths
of h(t) (N;, = 1 is equivalent to no TR):

hin(t) = Zl v yio(—(t — 7)), where 7/ and ~; are the
delay and amplitude of the strongest paths.

The received signal is then written:

f|h s hin (8) % w(t)|* dt”

Z A h(t) * hin (t) * w(t — mTy — ¢ Te) + n(t)

(6)

We call g(t) = h(t) * hy,(t) the equivalent Time Reversal
channel. It is the concatenation of the transmission pre-filter
and the multipath channel.

At the receiver side, we can use a rake receiver. A rake
receiver has to perform the correlation of the received signal
with a template v(¢). Without Time Reversal the rake receiver
output for symbol n may be written:

TnoTR[n} = /TnoTR(t)-vnoTR(t - an - CnTc)dt (7)

For a one finger rake receiver, we will have v,,7r(t) =
w(t) for a PAM signal and v,orr(t) = w(t) —w(t — dppur)
for a PPM signal. For an all rake receiver we will have
Unorr(t) = h(t) * w(t) for a PAM signal and v,,rg(t) =
(h(t)* (w(t) —w(t—dppar))) for a PPM signal. For a partial
rake receiver we will have v,orr(t) = hout(t) * w(t) for a
PAM signal and v,,,7r(t) = (howt(t) * (w(t) —w(t—dpprr)))
for a PPM signal, where h,,(t) is a subselection of the N,
strongest path of h(t).

With Time Reversal the rake receiver output for symbol n
may be written:

r[n] = /r(t).v(t —nTy —c,Te)dt (8)

For a one finger rake receiver, we will have v(t) = w(¢)
for a PAM signal and v(¢) = w(t) —w(t —dpppr) for a PPM
signal. For an all rake receiver we will have v(¢) = g(¢) *xw(t)
for a PAM signal and v(t) = (g(t) * (w(t) — w(t — dppm)))
for a PPM signal, with g(t) = h(t) % h;y,(t). For a partial rake
receiver we will have v(t) = oyt (t) * w(t) for a PAM signal
and v(t) = (hout(t)*(w(t)—w(t—dppar))) for a PPM signal,
where h,,:(t) is a subselection of the N,,; strongest path of
g(t).

III. TIME REVERSAL WITH MULTI USER INTERFERENCE

As we focus on the effect of Time Reversal in a communi-
cation with MUI, we consider the reception of unsynchronized
signals at a receiving point which could be a base station for
instance. Those unsynchronized signals focusing to the same
geographical point with Time Reversal create MUI. Two basic
topologies examples are given in Fig. 1 and Fig. 3.

We will investigate the distribution of this MUI and the
impact of TR on it. In order to exploit the effect of the
distribution change in the MUI, we will introduce a classical
repetition code as it helps to simply exhibit the gain brought
by non Gaussian MUI, but other channel codes could be
envisaged [18].

The signal model of section II may be simply extended
to the case where there are many users. With Time Reversal
the signal coming from user £ and received by the common
receiver can be written in PAM :

\/f ‘hm k

Ns—1
Y D amnhing(t) xw(t — (mNe + )T = e, +juTe)

* hk(t)

>*hk<>|2dt'

€))

where N, is the repetition factor. hy is the channel from
user k to the receiver, h;p ;(t) is the user k& TR pre-filter
(subselection of the N, j strongest path of hy(t)), ¢k 1S
the time hopping code of user k, the m'" symbol that it sends
is am,, and the energy received by pulse is E., k.

While the signal received in PPM is written :

\/f ‘hmk

Ns—1

YD (hin(t)
m  j=0

*hk t)|* dt’

. Am.k +1
*w(t — (mNs + §)Tf — cmn,+jxTe — dPPM(%
()
(10)

Thus, there are N, pulses by symbol. In order to take a
decision on the received symbol the rake receiver will have to
collect Ny correlator outputs. Without loss of generality we
consider the symbol m = 0 and we will consider a reception
synchronized on user 1 so we will drop this index for this user.
The output of the pulse-by-pulse correlator can be written as:

Timp[n] = /rz(t).v(t —nTs —c1,T¢)dt an
and we will collect the N outputs 7, [0] tO 74, [N
order to decide the received symbol.

—1] in

416



For PAM we will have v(t) = hout(t) * w(t) and for PPM
we will have v(t) = (howt(t) * (w(t) —w(t —dppar))) wWhere
hout(t) is a subselection of the N,,; strongest path of g(t) =
h(t) * hin(t).

r.(t) is the received signal:

Tx(t) =17 (t) + T]ij](t) + n(t) (12)
raur(t) =Y it — Ay) (13)
k=2

is the multi user interference where A represents the relative
delay of user k with respect to the reference signal of user
1, due to the absence of synchronization between the various
users.

The classical receiver (adapted to Gaussian intereference but
not adapted to other distribution) will make its decision for the
received symbol based on the sign of Z;iévfl Timp|n]. SO
it operates a soft decision on the bit received.

The pulse-by-pulse correlator output can be decomposed as
follows:

Timpn] = Timpul] + Timp, MUT[R] + Timp, awan[n]  (14)

with 7,5 w[n] = [ r1(t).0(t = n.Ts — ¢1,,T.)dt being the
useful signal contribution,

’I’,;mP,MU][n] = f SMUI (t).v(t —nTs — ClmTc)dt is the MUI
contribution, and

Timp, awen|[n] = [n(t).v(t —n.Ts—c1,,T.)dt is the AWGN
contribution.

In the following we will look at the distribution of the MUI
contribution 7, prv (1.

It has been proved that MUI distribution is not Gaussian
in several cases [3] [17]. We want to show that the standard
Gaussian approximation is even less accurate if we consider a
UWB-IR transmisssion scheme that makes use of Time Rever-
sal. In this case, MUI distribution is more and more far from a
Standard Gaussian if the TR technique approaches the full TR,
that is if the number of fingers of transmission pre-ﬁ41ters Nin
grows. We consider the kurtosis k = % — 3 of
the MUI distribution as the reference parameter. The Kurtosis
is a measure of how far a distribution is from the Gaussian
distribution, the kurtosis of the normal distribution being 0. It
has been shown in [17] that the non validity of the Gaussian
approximation is due to the impulsivness of the MUI. Time
Reversal increases this impulsivness as it focus the peak of
the signal in time.

While the non Gaussianity of the MUI is a problem when
a classical receiver is used, it has been shown in [18] that,
for the same MUI power and using an adapted reception, it
becomes more advantageous when the MUI is farther from
classical Gaussian.

The Time Reversal effect on the MUI distribution has been
confirmed in our simulations: as expected, when the number
of fingers of the transmission pre-filter increases, the impact of
TR is more significant and the kurtosis of the MUI distribution

is farther from 0, so the MUI is farther from classical Gaussian
as it can be seen in the histograms of Fig. 4. The details of
the simulations will be exposed in the section IV.

As the standard Gaussian approxiamtion is not appropriate,
we use the Generalized Gaussian to better fit the MUI distri-
bution [18]. The expression of this distribution is given by:

(x)—mexp<—@<m\ =
v (14 5)
31+
O = A+ 8)
and 3

L(z(1+8)
The relation between the kurtosis k£ and the coefficient 3 is
given by:

5(148) \p( (148)
oo TCH2TE)

(P22
A receiver adapted to a Generalized Gaussian interference has
been exposed in [7]. This receiver consists in the insertion
of a non-linear limiter that takes into account the parameter
3 = N7L(k) [7]. Then, the expression of the limiter function
h; is:

hi(z) = (Jz + 1|7 — |z — 1|77)

The adapted receiver will make its decision for the received
symbol based on the sign of ZZiévfl hi(rimp[n]/Ey).

IV. SIMULATIONS

In the first scenario that we have considered in our simula-
tions there are 12 users distributed in the network according
to a star topology (see Fig. 1), where the distance from the
transmitters to the receiver is 10 meters. All users transmit
Time Reversal PPM-TH-UWB signals with the same power,
but the channels h; are different for each user. The channel
model that we have used in our simulation is the model of
reference IEEE 802.15.3a channel [14]. The chip time has
been chosen to be T, = 2ns, the shift used in the PPM
modulation is dppy; = 0.5ns and the number of slots per
frame is NV}, = 24 . For w(t) we use the Scholtz’s pulse (15):

w(t) = [1 . <;>] eap [zﬂ (;)

In Fig. 2, we show the histogram of the distribution of the
multi-user interference 7y, a7 resulting from the simula-
tions for a case with (N;, = 10, N, = 20) and for a case
with (V;, = 20, Ny, = 20) approaching more the full TR.
The kurtosis is also reported.

As expected, by increasing the number of fingers in the
pre-filter, the kurtosis is farther from 0: the MUI distribution
differs further from a Gaussian.

Then we have verified that the non-Gaussianity of the
distribution is even more important in a worst case network

s5)
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Fig. 1. Star Topology

Nin=20 Nout=20
kurtosis=2,37

Nin=10 Nout=20
kurtosis=1,42

Fig. 2. Histogram of the MUI (74, aryr) With its kurtosis, illustrating the
impact of time reversal on the non Gaussianity of the MUI distribution.

topology of reference: the ring topology [15] (see Fig. 3).
We consider 30 transmitting users on a circle, the intended
transmitter user 1 suffers from the interference of the other
transmitters and user 1 is located at the maximum distance (at
the opposite place on the circle) from the receiver.

In the simulation the repetition factor is Ny = 6, the
diameter of the ring is 10 meters, the symbol interval is

Ts = Np.T. = 96 ns, and the chip interval is still 7, to 2
ns. The power transmitted by each user is the same, while the
received powers depend on the channel and distance from the
receiver. The Bit Error Rate (BER) has been evaluated once
that at least 100 wrong bits were received. In Fig. 4 the results
are shown: we have plotted the pulse-by-pulse 7., arvr[n]
distribution with the respective performance in terms of BER
vs. SNR, with N,,; = 10 and with various N;,. At high SNR
the AWGN is negligible and there is a BER floor created only
by the interference.

As we can see in Fig. 4, when we approach full TR (by
increasing N;,)), the kurtosis of rp;y; increases and the
performance achieved by the adapted receiver increases.

Then we consider the use of an All Rake receiver (N,,; =
all).

User 1
Tx

.=-> é:-*.

ne "

Fig. 3. Ring Topology. ("‘worst case"” topology of reference [15]). On this
figure there are only 11 transmitting users.

We have shown in Fig. 5 the difference of performance
when no Time Reversal is used and a classical receiver is
used, and when we use a complete TR configuration with
the receiver adapted to the Generalized Gaussian distribution
fitting the new MUI distribution. This underlines the gain
brought by the exploitation of the MUI distribution change
due to TR.

V. CONCLUSIONS

We have seen how the focussing properties of Time Reversal
can be used in TH-IR-UWB communications with Multi
User Interference. TR makes the multi user interference more
impulsive, with a thighter distribution and a higher kurtosis.
The parameters that tune the quality of the Time Reversal are
the number of fingers in the transmit pre-filter and the number
of fingers in the rake receiver (related respectively to the
complexity of the transmitter and of the receiver). As the non
Gaussianity of the MUI turns to be an advantage, the change in
the MUI distribution due to the Time Reversal can be exploited
and brings clear improvements to the performance.
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